The vast majority of individuals who are colonized with Helicobacter pylori remain infected despite the development of vigorous immune responses to the bacterium (5) . For this reason, it is generally assumed that host immune responses are ineffective in clearing the infection. Nevertheless, studies on H. pylori seroprevalence in humans showed that up to 1.8% of individuals who were initially identified as being H. pylori positive by serology subsequently became negative upon retesting (15, 23, 24) . It was suggested that this seroreversion in H. pylori-infected individuals was due to spontaneous elimination of the bacterium by the host (24) . In such instances, however, the eradication of H. pylori as a consequence of antimicrobial treatment for unrelated infections could not be excluded.
The most compelling evidence for spontaneous elimination of H. pylori infection has come from nonhuman primate studies (6, 7) . It was shown that certain monkeys developed transient infections after inoculation with H. pylori strains and that, in the early stages of colonization, individual monkeys displayed varying susceptibilities to different H. pylori strains (6, 7) .
The type of host T helper (Th) cell phenotype induced during infection largely determines the outcome (protection or pathogenesis) of host immune responses. The Th response phenotype occurring in the host can be influenced by a multitude of factors, including the local cytokine environment and the size of the antigen or inoculum dose (1, 3, 4, 12, 20) . In the Leishmania mouse infection model, it was shown that BALB/c mice that were exposed to a low-dose inoculum of Leishmania major parasites became resistant to infection despite the innate susceptibility of this mouse strain to L. major infection (3). This resistance was accompanied by a switch of the default Th response of BALB/c animals from a T helper 2 (Th2) type towards a dominant Th1 phenotype, thus mimicking the responses that spontaneously occur in Leishmania-resistant C57BL/6 mice (17, 18) .
The aim of the present study was to determine whether exposure to a low-dose inoculum of H. pylori might confer immunity to infection in susceptible mice. To ensure diversity of host immune responses, we used an outbred mouse strain which had previously been shown to be highly susceptible to infection with the mouse-adapted H. pylori SS1 isolate (9, 16 ). Thus, 6-week-old specific-pathogen-free outbred Swiss mice (Centre d'Elevage R. Janvier, Le-Genest-St-Isle, France) were divided into three groups. Animals either were left untreated ("naive" animals; n ϭ 5) or were administered intragastrically a single low-dose inoculum containing 15 CFU of H. pylori SS1 prepared in peptone trypsin broth (n ϭ 19) or broth medium alone (n ϭ 10). The minimum infectious dose of H. pylori SS1 for Swiss mice was previously determined to be equivalent to 10 2 CFU (9). One month later, H. pylori serum antibody levels in the mice were determined and compared to those in animals that had received no treatment (10) . All animals were immunoglobulin G (IgG) seronegative for H. pylori (results not shown). Based on previous work (9), it was possible to conclude that the primed mice had not become infected with H. pylori. In addition, the serological data confirmed that the animals were free of intestinal Helicobacter spp. and therefore had not previously been exposed to Helicobacter antigens.
Mice primed with a low-dose inoculum ("primed/challenged" group) and those that had received peptone trypsin broth ("naive/challenged" group) were subsequently administered a challenge dose containing 10 4 CFU of H. pylori SS1.
FIG. 1.
H. pylori bacterial loads determined from the gastric biopsies of mice. Control animals ("naive," squares) were left untreated throughout, while the other groups were given either peptone trypsin broth ("naive/challenged," circles) or a low-dose H. pylori inoculum ("primed/challenged," diamonds) prior to challenge with an infectious pathogen dose. Each point corresponds to the mean value for a mouse, determined in duplicate. Horizontal bars represent the geometric means for each group of mice. The sensitivity of detection of the assay is indicated by a dashed horizontal line.
The animals were sacrificed 2 months postchallenge. Gastric tissue samples taken from the animals were homogenized, and the bacterial loads were determined by quantitative culture as previously described (9) . At this time point, primed/challenged mice had significantly reduced gastric H. pylori loads compared to those from the naive/challenged group (4.2 log CFU/g versus 5.5 log CFU/g; Mann-Whitney test, P Ͻ 0.05; Fig. 1 ). This is a particularly striking result given the outbred genetic background of the animals. Indeed, it has been shown that outbred mice do not respond to low doses of antigen in a genetically restricted manner (8, 22) . In addition, 62% (11/19) of the primed/challenged mice had undetectable levels of bacteria in their gastric mucosa following challenge versus 2 out of 10 of the naive/challenged mice (Fisher's exact test, P ϭ 0.11). Although not statistically significant, the absence of detectable infection in these mice is worthy of note because other workers have been unable to achieve sterilizing immunity (as defined by culture negativity) against H. pylori infection in mice vaccinated with highly immunogenic H. pylori antigen-adjuvant preparations (11, 13, 14) .
The results of H. pylori-specific serum and gastric antibody determinations were highly predictive of the culture status of the animals (Fig. 2) . All culture-positive mice had increased levels of serum (IgG and IgA) and gastric (IgG and IgM) antibodies ( Fig. 2A and B) . Conversely, only 2 of the 11 culture-negative mice from the primed/challenged group had raised levels of H. pylori-specific serum IgG antibodies, while one of these mice also had increased levels of specific IgG, IgM, and IgA antibodies in its gastric contents ( Fig. 2A and B) . It is possible that the infection had been suppressed below the level of detection in these two antibody-positive animals. Nevertheless, the data strongly confirmed the absence of H. pylori infection in the majority of culture-negative mice in the primed/challenged group. Thus, despite repeated exposure of the primed/challenged mice to Helicobacter antigens, the animals did not exhibit any significant humoral response. Previous work with different infection models also showed a downregulation of humoral responses following low-dose antigen administration (3, 4, 18, 20) . In the Leishmania infection model, this was associated with a switch of the default Th2 response of the host towards a Th1-dominant phenotype (3, 18) .
To determine the types of Th responses induced following exposure to a low-dose Helicobacter inoculum, cytokine assays were performed on saponized gastric extracts from the animals using a modification of the technique of Bergquist et al. (2) . Gamma interferon (IFN-␥) and interleukin-4 (IL-4) levels in gastric tissue samples were assayed by a double sandwich enzyme-linked immunosorbent assay technique (Pharmingen Inc., San Diego, Calif.). Primed/challenged mice were found to have significantly higher gastric IFN-␥/IL-4 ratios than naive animals (Mann-Whitney test, P ϭ 0.001), yet the gastric cyto- Fig. 1 legend. Each point corresponds to the mean value for a mouse, determined in triplicate. Individual values were considered to be significantly increased when they were greater than the mean Ϯ 2 SD of readings for the respective antibody classes, determined from the naive group of mice. Horizontal bars represent the means for each group of mice. Mean serum IgG and IgA levels were significantly raised in naive/challenged and prime/challenged groups (versus controls, t test results were as follows: for IgG, P Ͻ 0.001 and P ϭ 0.02; and for IgA, P ϭ 0.004 and P ϭ 0.02, respectively), whereas antibody levels were not statistically different between the two challenged groups (P Ͼ 0.05). Mean gastric IgG, IgM, and IgA levels were significantly raised in both challenged groups (versus controls: for IgG, P Ͻ 0.001 and P ϭ 0.02; for IgM, P ϭ 0.006 and P ϭ 0.04; and for IgA, P ϭ 0.02 and P ϭ 0.008, respectively), but did not differ between them (P Ͼ 0.05). Arrows indicate two culture-negative mice from the primed/challenge group which had significantly raised levels of serum IgG antibodies (A) and one of these animals who also had raised gastric IgG, IgA, and IgM levels (B). (C) Gastric IFN-␥ and IL-4 levels were determined directly on saponized extracts of stomach biopsy samples from mice and are expressed as ratios of the relative amounts of each cytokine (in picograms). We are grateful to A. Labigne, in whose unit the work was undertaken, for her support. A. Labigne and P. J. Jenks are thanked for critical reading of the manuscript. 
